In animal breeding, recording of correct pedigrees is essential to achieve genetic progress. Markers on DNA are useful to verify the on-farm pedigree records (parental verification) but can also be used to assign parents retrospectively (parental identification). This approach could reduce the costs of recording for traits with low incidence, such as those related to diseases or mortality. In this study, SNP were used to assign the true sires of 368 purebred animals from a Duroc-based sire line and 140 crossbred offspring from a commercial pig population. Some of the sires were closely related. There were 3 full sibs and 17 half sibs among the true fathers and 4 full sibs and 35 half sibs among all putative fathers. To define the number of SNP necessary, 5 SNP panels (40, 60, 80, 100, and 120 SNP) were assembled from the Illumina PorcineSNP60 Beadchip (Illumina, San Diego, CA) based on minor allele frequency (>0.3), high genotyping call rate (≥90%), and equal spacing across the genome. For paternal identification considering only the 66 true sires in the data set, 60 SNP resulted in 100% correct assignment of the sire. By including additional putative sires (n = 304), 80 SNP were sufficient for 100% correct assignment of the sire. The following criteria were derived to identify the correct sire for the current data set: the logarithm of odds (LOD) score for assigning the correct sire was ≥5, the number of mismatches was ≤1, and the difference in the LOD score between the first and the second most likely sire was >5. If the correct sire was not present among all putative sires, the mean LOD for the most likely sire was close to zero or negative when using 100 SNP. More SNP would be needed for paternal identification if the number of putative sires increased and the degree of relatedness was greater than in the data set used here. The threshold for the number of mismatches can be adjusted according to the practical situation to account for the tradeoff between false negatives and false positives. The latter can be avoided efficiently, ensuring that the correct father is being sampled. Nevertheless, a restriction on the number of putative sires is advisable to reduce the risk of assigning close relatives.
INTRODUCTION
Pedigree information is widely recorded in animal breeding and forms the basis of any breeding program. Correct pedigree information is necessary for the accurate estimation of breeding values and for prediction of genetic gain, whereas incorrect records can reduce genetic progress (Long et al., 1990; Visscher et al., 2002; Senneke et al., 2004) . In commercial operations, it is not a common practice to identify finishers individually and to maintain pedigree records. Individual identification of piglets at birth with ear tags or tattoos is too expensive. However, genetic selection for traits with low incidence (disease traits, genetic defects, and mortality) requires records from a large number (>100,000) of finishing pigs. For these traits, large progeny groups per sire (1,000 to 2,000) are needed to ensure a more precise estimate of incidence. Retrospective assignment of the true sire (paternal identification) for affected animals only can substantially reduce the costs of trait recording in finishing pigs.
Several SNP panels have been developed and evaluated for parentage testing in cattle (Heaton et al., 2002; Van Eenennaam et al., 2007; Fisher et al., 2009; Hara et al., 2010) . Single nucleotide polymorphism sets for parental verification have also been developed in pigs (Goffaux et al., 2005; Ballester et al., 2007; Rohrer et al., 2007) . Several studies have been carried out to evaluate the power of DNA markers for parental identification and traceability in livestock (Hayes et al., 2005; Gomez-Raya et al., 2008) . The concept of parental identification was extended by Hill et al. (2008) for application in product tracing, particularly in pigs. They calculated, based on simulation, that 100 to 150 SNP with minor allele frequencies (MAF) >0.3 would be sufficient to trace a piece of meat back to the parents and to the farm of origin.
In this study, an SNP panel with sufficient informational content was developed under practical conditions, and the number of SNP necessary for paternal identification was determined for use in commercial pig populations. Furthermore, the thresholds for the critical LOD scores and the number of mismatches were derived to achieve a maximum number of assignments and at the same time control the number of false positives.
MATERIALS AND METHODS
This experiment was conducted strictly in line with the Dutch law on the protection of animals.
Animals and DNA Isolation
Genotypes from a total of 878 pigs from Dutch farms and AI stations were available. There were 508 offspring originating from 66 sires with on-farm pedigree records. All the true sires from 3 purebred sire lines (Durocbased, L1, n = 34; Large White composite, L2, n = 24; and Pietrain, L3, n = 8) and an additional 304 boars (putative sires) from the same AI station line (L1, n = 159; L2, n = 66; and L3, n = 79) were genotyped. The progeny consisted of 368 purebred L1 animals and 140 crossbred offspring from L1 (30), L2 (84), and L3 (26) sires and crossbred dams (90 offspring from Dutch Landrace × Large White sows, and 50 offspring from Belgian Landrace × Large White sows). There were 2 full sibs per family.
In total, 155 animals were genotyped using the KASPar system (KBioscience, Hertfordshire, UK), whereas the genotypes of 723 animals were available from another study (Duijvesteijn et al., 2010) using the PorcineSNP60 Beadchip (Illumina, San Diego, CA). For genotyping with the PorcineSNP60 Beadchip, DNA was prepared from EDTA blood, hair roots, or meat samples by using a Gentra Puregene DNA Preparation Kit (Gentra Systems, Minneapolis, MN), according to the manufacturer's instructions. The extraction was based on a modified salt precipitation method. Concentration of DNA was measured on a NanoDrop ND-1000 Spectrophotometer (NanoDrop Technologies LLC, Wilmington, DE), and the DNA quality was checked by running a sample on an agarose gel. For genotyping with KASPar chemistry, genomic DNA was isolated from blood and hair roots by using low-cost routine procedures. When using blood samples, 10 μL of blood was washed 3 times in 150 μL of Tris-HCl-based buffer. The cell pellet was lysed with proteinase K (0.5 units for 45 min at 56°C, followed by heat inactivation). For hair root samples, approximately 8 hair follicles were placed into a PCR tube and lysed with proteinase K (6 units overnight at 56°C, followed by heat inactivation).
Selection of SNP and Genotyping
The SNP used for paternal identification were selected from the Illumina PorcineSNP60 Beadchip (Ramos et al., 2009) . Initially, SNP were ranked based on an even distribution across the genome (18 autosomes) and their MAF across 4 common breeds (Large White, Duroc, Pietrain, and Landrace) determined by Ramos et al. (2009) . Three hundred SNP with MAF of >0.3 were selected. The physical position was derived from the porcine Ensembl build9 database (http://www.ensembl.org).
Assay design using (incomplete) sequences from the Illumina PorcineSNP60 Beadchip was performed for a selection of 150 SNP with the greatest MAF across the 4 breeds. The SNP were genotyped using KASPar chemistry, which is a competitive allele-specific PCR SNP genotyping system using fluorescence resonance energy transfer quencher cassette oligos according to the manufacturer's instructions (KBioscience). From these, 14 SNP were discarded for various reasons (e.g., weak or absent amplification, presence of >3 genotypes, incorrect genotype distribution). From the remaining 136 SNP with optimal amplification profiles, 16 were discarded because of a low call rate (<0.90).
Paternal Identification
The on-farm paper pedigree records of all the offspring contained identifications of sires as well as dams. However, genotype information was available only for the sire. Exclusion probabilities (P) of each SNP and combined exclusion probability (Pe) for the set of SNP used in the different SNP panels were determined according to the method of Jamieson and Taylor (1997) based on allele frequency of the true and putative sires, as described below: , , and
where p i is the frequency of the ith SNP alleles, n is the number of alleles, and k is the number of SNP. Determinations of allele frequency, estimation of polymorphic information content (PIC), and paternal identification and verification were carried out using Cervus software (Kalinowski et al., 2007 ; http://www. fieldgenetics.com). Three sire scenarios were investigated for 508 offspring:
• Scenario 1: The first scenario represents cases in which complete on-farm pedigree records were available. Parentage testing was performed limiting the putative sires to the boars present in the on-farm pedigree. Hence, only the true sires were taken as candidate sires (n = 66).
• Scenario 2: The goal was to evaluate the SNP for their ability to identify the true sire if the on-farm pedigree was not available. (For example, if the information about sow insemination was not known, then all the boars from the AI station could be possible sires.) Hence, all sires (n = 370) were considered candidate sires.
• Scenario 3: The goal of this scenario was to evaluate the exclusion power of the SNP panel if the true sire was not sampled. The true sires from the on-farm pedigree were dropped from the analysis and only the putative sires from the AI station (n = 304) were classified as candidate sires.
For all scenarios, 5 panels of SNP were tested. The SNP were dropped from the analysis according to their MAF, missing genotype frequency, and spacing along the genome, generating panels of 120, 100, 80, 60, and 40 SNP. In the Cervus software, the genotype of an offspring is compared with the genotypes of the candidate fathers. To derive a confidence threshold, for each locus the likelihood of a specific genotype is calculated from the allele frequencies in the population. The critical logarithm of odds (LOD) values for the confidence levels are determined by simulation, deriving a distribution of LOD scores. Confidence in assignment is defined as the proportion of all candidate parents exceeding this critical LOD score. Parameters used in the simulation by Cervus were set at 10,000 offspring, 70 candidate sires for scenario 1, and 370 sires for the other scenarios. The proportions of candidate sires sampled were set at 95, 100, and 80% for scenarios 1, 2, and 3, respectively. The proportion of loci mistyped was kept at 1%. The proportion of loci typed and the minimum number of loci typed were kept at levels suggested by the program after allele frequency analysis. For each offspring, the results for the 2 most likely sires were calculated. The confidence level was set at 99%.
Positive assignments by Cervus were further evaluated to determine thresholds for the LOD scores of the first and second most likely fathers and the number of mismatches, to achieve high rates of assignments and at the same time control the rate of false assignments.
RESULTS AND DISCUSSION

SNP Genotypes
Among the selected 120 SNP, 96 markers had a call rate of 100% and the remaining 24 SNP had a missing genotype frequency ≤2%. A comparison of 41 animals with 4,668 genotypes from both genotyping systems indicated that 23 animals (53%) showed 1 (13 animals), 2 (5 animals), and 3 (5 animals) mismatches, respectively. The KAspar system, using low-quality DNA from an inexpensive extraction method, showed a reduced call rate of 89.3% but only 0.81% mismatches (38/4,668) with the genotypes generated with the PorcineSNP60 Beadchip. The values of MAF, PIC, and Pe for all SNP in the 5 different panels are summarized in Table 1 .
The mean MAF ranged from 0.39 using 120 SNP to 0.45 using 40 SNP. As observed for the MAF, the mean PIC also increased when the number of SNP decreased. The average of PIC was 0.37 for panels of 40, 60, and 80 SNP and 0.36 for the other panels. When all 120 SNP were analyzed individually, the PIC ranged from 0.28 to 0.38.
Combined Pe using the method suggested by Jamieson and Taylor (1997) were above 99.99% for panels with 80, 100, and 120 SNP and were 99.43 and 99.45% when working with 40 and 60 SNP, respectively.
Paternity Analyses
Considering scenarios 1 and 2, 100% of the sires could be correctly assigned with a 99% probability when using 80, 100, and 120 SNP (Figure 1 ). When working with 60 SNP, 100% correct assignments were observed only for scenario 1. However, in scenario 2, an incorrect sire was assigned for 2% of the offspring as the most likely sire and the true sire was identified for only 80% of the progeny, reaching a total of 82% of assignments. When the number of SNP was decreased to 40, only 28% of assignments were achieved in scenario 1 and 7% were achieved in scenario 2. All assigned sires were the true sires. When the true sires were omitted (scenario 3), the rates of assignments were 0, 5, 11, 23, and 28% for the panels with 40, 60, 80, 100, and 120 SNP, respectively. The mean LOD score for each SNP panel for the 3 different scenarios is shown in Figure 2 . In scenarios 1 and 2, the mean LOD score for the most likely father was always positive and increased with an increasing number of SNP. The average LOD scores ranged from 6.7 and 7.0 (40 SNP) to 20.3 and 21.8 (120 SNP) in scenarios 1 and 2, respectively. For scenario 3, the panels with 40 and 60 SNP resulted in average LOD scores with positive values: 3.91 and 1.02, respectively. With 80 SNP, the mean LOD score was 0.2, and with 100 and 120 SNP, the mean LOD score became negative (−1.2 and −2.7, respectively).
To enhance the confidence that the true father was identified, the LOD score for the second most likely father in scenarios 1 and 2 was also estimated ( Figure  3) . Contrary to what was observed for the most likely father, the mean LOD score for the sire assigned with the second greatest probability decreased and became negative when the number of SNP increased in both scenarios 1 and 2. For the first scenario, the decrease in the LOD score was faster and the difference between the most likely father and the second most likely sire was greater compared with the second scenario. In the first scenario, only 40 SNP in the panel resulted in a positive mean LOD score. However in scenario 2, on average the LOD score was positive for the panels with 40, 60, and 80 markers. When working with 100 SNP, the mean LOD score was approximately zero, and only with 120 SNP did this value become negative.
For all scenarios, the average number of mismatches (e.g., number of loci for which the candidate father and the offspring did not share the same alleles) increased when the number of markers increased (Table 2) . However, the increase in mismatches was much more pronounced for the wrong father (second most likely father and scenario 3) than for the true father. In addition, the average number of mismatches for the first most likely father was the same in scenarios 1 and 2, ranging from 0.01 (40 SNP) to 0.03 (120 SNP). For the second most likely father, the number of mismatches was greater for scenario 1 than for the second scenario. Moreover, the average number of mismatches observed for the second father in scenario 2 was quite close to the mean number of mismatches for the most likely father assigned in scenario 3 for all SNP panels. 
Thresholds for Parameters for Paternal Identification
The assignment of a candidate father as the most likely father with high probability does not necessarily mean that the indicated sire is the true father. After checking positive assignments from Cervus, the thresholds for the critical LOD scores and the number of mismatches for a situation in which the true father was not known were derived.
Critical LOD Scores. According to Marshall et al. (1998) , a positive LOD score means that the candidate parent is more likely to be the true parent than not the true parent. Hill et al. (2008) suggested that an observed LOD score greater than 5 was strong evidence that the sire had been identified, whereas a negative LOD score gave strong evidence that the sire had not been found. In the current study, working with 80 or more SNP, all the offspring were assigned to the true father for scenarios 1 and 2. Only 2 of the offspring with 80 SNP and 1 offspring with 100 SNP showed an LOD <5. The difference between the first and the second most likely father was on average greater than 10 LOD scores in the 3 panels with larger number of markers (≥80 SNP). The maximum observed difference was approximately 50 LOD scores for the panels with 120 markers in both scenarios 1 and 2. When 60 SNP were used in scenario 2, for the cases in which an incorrect assignment was done at a 99% probability, the LOD score difference between the 2 most likely fathers ranged from 0.04 to 3.98. In conclusion, using 100 SNP and a threshold for the LOD score of 5 for the assignment of the true father and a difference between the first and second most likely father of >5 would correctly assign the fathers for 99.8% (507/508) of the cases. Increasing the number of SNP to 120 would increase the rate of correct paternal identification to 100%.
In scenario 3, in which the true sire was not present, the rate of assignments at a 99% probability by Cervus was greater with a larger number of SNP. For this scenario, 12% of the offspring had LOD scores greater than 5 for the most likely father with 120 SNP, compared with 4.53% with 60 SNP. This is explained by the fact that increasing the number of markers also increases the probability that the offspring share a larger number of alleles by chance with an unrelated sire, but even more with a related sire. With 120 SNP in scenario 2, the second most likely father was assigned by Cervus to a full sib of the true father for 69% of the offspring having a full sib relative among the putative fathers. For the smaller SNP sets, this proportion declined below 20%. Therefore, a threshold of an LOD >5 difference between the first and second most likely father is needed to avoid false assignments to close relatives.
Number of Mismatches. As a third parameter, the number of mismatches can help reduce the number of wrong assignments. The number of mismatches also differed remarkably between the first (true father) and the second most likely father (Table 3) . However, this parameter is useful only if a high quality of genotyping is achieved. For 120 SNP, only 2.4% of the offspring-sire pairs showed mismatches (2 and 10 offspring-sire pairs presented, 2 and 1 mismatch, respectively). For the other panels that reached 100% correct assignments, the number of mismatches was even smaller. However, in scenario 3 using 120 SNP, the numbers of mismatches between the assigned father and the offspring ranged from 0 to 6, but only 3 offspring-sire pairs with LOD >5 showed 0 mismatches. When the number of SNP was decreased, the number of offspring-sire pairs that presented 0 mismatches increased. Adopting the parameters described for parental identification, 1) LOD >5, 2) the difference between the 2 most likely fathers with LOD >5, and 3) zero mismatches between the offspring-sire pairs would result in no assignment in scenario 3, using 100 and 120 SNP, being approved. However, with these parameters, approximately 3% of the correct assignments would fail in scenario 1. In scenario 2, for 3.3, 4.9, and 9.8% of the offspring (working with 120, 100, and 80 SNP, respectively), the assigned true fathers would be considered unidentified. These mismatches can also occur because of genotyping errors. Thus, using zero mismatches as a criterion is very strict and is not realistic. Increasing the number of acceptable mismatches to 1 and keeping the other thresholds would decrease the number of correct assignments that would be classified as not assigned; in contrast, if the true father was not sampled, an incorrect assignment would be possible when using 80 to 120 SNP. Less than 2% of the correct assignments performed in both scenarios 1 and 2 would be classified as false negatives and 1.6% of false positives could be possible in scenario 3 (120 SNP). These results show that the number of false negatives depends on how strictly the parameters are applied, and that false positives can be avoided by sampling all the possible fathers. Therefore, these parameters need to be adjusted based on the number of markers, number of putative fathers, and kinship of the putative sires.
The results of this study are in agreement with the results of Hill et al. (2008) . They performed a simulation to determine the number of SNP for correct assignment of the father selected from a large pool of putative fathers (including close relatives). That study concluded that using 100 to 150 SNP with MAF >0.30 was sufficient for assigning the true fathers, even with a large number of possible fathers and relatives in the data set. According to the same authors, if an incorrect assignment was performed, even using a large number of markers, the sire assigned would usually be a full sib.
Finally, a low call rate of an individual (e.g., because of low DNA quality) could represent another source of misidentification. To reduce the costs of genotyping, the KASPar assays were performed with a crude DNA preparation and without control of the DNA concentration. Comparison of 41 animals with genotypes from both platforms showed that especially the 14 animals with the least call rate (<90%) had a larger number of mismatches compared with the PorcineSNP60 Beadchip genotypes (27/1,258 = 2.15%). The remaining 27 animals achieved a mean call rate of 98.4%, and they showed only 0.33% mismatches (11/3,372) . The mismatches were not observed for specific SNP. Therefore, omitting animals with smaller call rates also ensures high-quality genotyping.
Exclusion Probability
The current study analyzed a panel of SNP with high Pe for paternity analysis (MAF >0.22, mean PIC = 0.36, Pe >0.9999 for all 120 SNP). To establish a panel of markers for paternal identification in a commercial cattle ranch, Van Eenennaam et al. (2007) In the present study, the power of exclusion of the markers was not calculated within each line. All animals from the 3 different lines were managed as 1 single population because, for practical applications, 1 SNP panel is required for paternity identification across different lines.
The theoretical Pe estimated in this study was above 99% for all 5 SNP panels. In practice, however, 100% of correct assignments were reached only with 80 SNP or more. The calculation of Pe based on allele frequencies assumes that all candidate fathers are unrelated. However, in commercial populations, the presence of full and half sibs within the group of candidate fathers is common. In the data set studied here, there were 3 full sibs and 17 half sibs, on average, among the true fathers (scenario 1) and 4 full sibs and 35 half sibs among all putative fathers (scenario 2). In addition, not just 1 individual male but a large number of sires (paternal identification) had to be excluded. Sherman et al. (2004) calculated a probability of unambiguous parentage for a specific data set taking sire relatedness and the total number of sires into account. They showed that the theoretical exclusion probability was overestimated. This explains why additional markers were required to achieve a high rate of correct assignments in this study.
Practical Application
One practical situation in which the assignment of sires to offspring can be useful is for determining finishing mortality. These animals are not individually tagged, but from the estimated BW at death (identify batch) and farm of birth, it would be possible to deduce the AI station and the line of the boar used. Increasing the number of putative fathers requires a larger number of markers. Therefore, to reduce the risk of assigning the wrong father, preselecting candidate fathers is very relevant.
In conclusion, this study showed that using 100 SNP with a high call rate (>90%) was sufficient to assign the correct sire for the given data set when marker information on the dam was missing. Under these circumstances, the mean LOD score for assigning the correct sire from a total of 370 putative sires was >5, the mean number of mismatches was ≤0.02, and the difference in the mean LOD score between the first and second most likely father was >10. If the correct sire was not present among the putative sires, the mean LOD for the most likely father would be close to zero or negative. Applying these 3 criteria to field conditions would result in correct assignment of the sire or a rejection of the false sire for all offspring. The thresholds for these parameters could be adjusted according to the practical situation to account for the trade-off between false negatives and false positives. The latter could be avoided by ensuring that the correct father was being sampled. Nevertheless, a restriction on the number of putative sires is advisable (by tracing back the AI station or insemination date of the sow) to reduce the risks of assigning close relatives of the offspring as the true sires (full sibs or half sibs). To guarantee good quality of the genotypes and enough SNP to compare between the sire and offspring, a threshold on the individual call rate of at least 90% should be applied. If a genotype is missing for the offspring or for one of the candidate fathers, this marker should be excluded from the analysis, thereby reducing the number of effective markers for comparison. In principle, this approach using the low-cost and very flexible genotyping platform can also be applied across other breeds for paternal identification by using criteria similar to those presented in this study. However, the SNP panel might need to be adapted because the efficiency of paternal identification depends on the allele frequencies in the populations, and the genotyping quality of SNP might be platform dependent.
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